The high-temperature wettability of alumina particulate preforms by copper is investigated by means of infiltration experiments conducted at 1473 K under low oxygen partial pressure. Wetting is quantified in terms of drainage curves, which plot the volume fraction of metal in the porous medium vs. the applied pressure. Mercury porosimetry is also used on similar preforms for comparison. The effect of volume fraction, particle geometry and capillary parameters on the drainage curve are studied and compared with the expression proposed by Brooks and Corey. The influence of the particle volume fraction and capillary parameters characterizing wetting in the two systems is discussed to derive an effective contact angle for wetting of alumina particles by molten copper. C 2005 Springer Science + Business Media, Inc.
Introduction
Liquid metal infiltration is one of the principal processes used for the fabrication of ceramic fiber or particle reinforced composites with matrices based on lower melting point metals such as Al or Cu. A parameter of primary importance in this process is the degree of wetting of the ceramic reinforcement by the metal: if capillary forces oppose infiltration, pressure must be applied on the metal before it will flow into open pores of the ceramic preform [1, 2] .
Basic capillary parameters characterizing infiltration are those that describe the work of immersion of the ceramic in the metal, expressible using Young's equation [1] [2] [3] [4] [5] [6] [7] [8] [9] as:
where σ ls , σ sv and σ lv are, respectively, the liquid/solid, solid/vapour and liquid/vapour interfacial energies, and θ is the contact angle measured through the liquid. Since σ lv and θ can be measured using the sessile drop experiment [6] , W i is accessible to experiment. Under some conditions, namely when slug-flow (plane-front) infiltration is observed, W i can be correlated directly with the capillary pressure drop P γ that must be overcome to drive infiltration [1, 2, 4, 5, 10] :
where V r is the volume fraction reinforcement in the preform, and A v is the reinforcement surface area per unit volume of the reinforcement. This approach is unfortunately not always sufficient: it often provides an insufficient characterization of capillarity in infiltration processing, for two reasons. The first is that intrinsic capillary parameters (σ ls , σ sv , σ lv and θ) characteristic of dynamic wetting of a discrete reinforcement may sometimes not be the same as those measured under in the near-static conditions characteristic of sessile drop experiments. A second reason is that fluids generally invade preforms over a range of pressures that are largely governed by the complex internal geometry of open pores within the ceramic preform [1] [2] [3] . A single scalar is, then, insufficient to characterize wetting during infiltration.
This problem is encountered in several branches of engineering science, including for example reservoir engineering or soil science. Characterization of wetting during infiltration is then conducted by measuring drainage curves, which are plots of the volume fraction of non-wetting fluid in the porous medium versus the pressure difference P between the fluid and the atmosphere in the pores [1] [2] [3] 11] .
Drainage curves relevant to aluminium infiltrating short-fiber preforms have been measured and have been used with success to model infiltration processing of alumina short fiber reinforced aluminium [12] [13] [14] . We extend here this approach towards the characterization of wetting by molten copper of fine alumina particle preforms. We show that the data agree with the simple formula of Brooks and Corey, as do drainage curves measured on the same preforms by mercury porosimetry. We also show that the two sets of data, for Hg and Cu, agree with one another after simple transformation by a multiplicative constant that reflects differences in relevant capillary parameters. The implications are twofold: (i) mercury porosimetry may provide a convenient method of accessing relevant geometrical characteristics to quantify wetting of a given preform by other metals, and (ii) comparison between mercury porosimetry data and drainage curves may provide a method for the measurement of intrinsic capillary parameters that are directly relevant to infiltration processing.
Experimental procedure

Materials and infiltration processing
Alumina angular and polygonal particulates (α-Al 2 O 3 F1000 purchased from Treibacher Schleifmittel (Laufenburg, Germany) and Sumicorundum AA-5, provided by Sumitomo (Osaka, Japan)), both of average diameter near 5 µm, were used for preparing the preforms. ETP Cu was used as the molten infiltrating matrix.
Preforms from angular powder were prepared by two different routes: (i) by tapping and vibrating the powder directly into its crucible, and (ii) by cold isostatically pressing (CIP) at 150 MPa. The two methods yield volume fractions alumina of 0.46 and 0.54, respectively. The volume fraction of the preform based on polygonal powder pressed by CIP at the same pressure is 0.63. The obtained preforms were cylindrical, about 10 mm in diameter and 15 mm in height.
Drainage experiments were run in a gas-driven pressure infiltration apparatus. The alumina preform and the copper were placed in that order into an alumina crucible. The inner surface of the crucible was coated with graphite to avoid sticking of the final sample to the crucible. Primary vacuum was pulled and followed by purging with argon back to ambient pressure. After having reached again a primary vacuum, the system was heated to 1200
• C at a rate of 200
• C/h by means of an induction coil coupled to a graphite susceptor and subsequently pressurized with Ar gas. Pressure and temperature were maintained for 30 minutes and the system was finally cooled under pressure. Measuring a drainage curve for a given type of preform entailed carrying out a series of infiltrations in this fashion at different applied pressures. Given the significant influence of the oxygen partial pressure on the surface tension of liquid Cu [6] and on its reactivity with alumina [15, 16] , the oxygen partial pressure in the apparatus was measured during the drainage experiments using an oxygen gas analyzer, Rapidox model RX2000 from Cambridge Sensotec Ltd.
Microstructural characterization
The microstructure of the composites was examined for homogeneity and absence of agglomeration of particles. For this purpose samples were sectioned, polished for metallographic examination and observed under an optical microscope, (Zeiss Axioplan universal, Oberkocher, Germany).
Measurement of the drainage curves
The drainage curves of infiltrated samples were obtained by determining the metal volume fraction in the infiltrated composites by means of densitometry based on Archimedes' principle using a Sartorius MC 210P microbalance and Sartorius Gravity Determination kit YDK 0.1 (IG Instrument-Gesellschaft, Zürich, Switzerland). When porosity was present in the sample, wax was used to seal all open pores along its outer surface before immersion in water, the wax surface being carefully leveled with the sample's outer surface beforehand. The apparent density of the partially infiltrated perform was then determined by dividing the weight of the sample without wax by the volume displaced when submerged in the water.
Drainage curves for the same alumina preforms were also measured for infiltration by mercury at room temperature using standard mercury porosimetry experiments, conducted using a Macropores unit 120 and porosimeter 2000 WS, CARLO ERBA Instruments. In mercury porosimetry, mercury is gradually infiltrated into the evacuated sample cell [17, 18] .
Results
Micrographs of alumina preforms infiltrated by Cu are given in Figs 1 and 2 . It is seen that copper gradually fills the pores in the preform as the applied pressure is increased. The pressure at which the preforms appear fully infiltrated in optical metallography and within the precision of densitometric measurements is around 5 MPa for the polygonal powder and 10 MPa for the angular powder. The drainage curves of the Hg/alumina and Cu/alumina systems are given in Fig. 3a and b. 
Discussion
The oxygen partial pressure measured in the infiltration apparatus was found to decrease with increasing temperature, reaching a very low level at 1200
• C (less than the detection limit of the apparatus, of 5 × 10 −23 atmospheres). This can be rationalized by equilibration of residual oxygen in the chamber with the heated graphite susceptor.
The microstructures of the fully infiltrated composites in Figs 1c and 2c are typical for this class of composites. Interfaces are free of visible reaction products, as expected: given the low oxygen chemical activity during infiltration, Al 2 O 3 is stable in Cu [15, 16] .
In partly infiltrated samples, the metal distribution is highly inhomogeneous, Figs 1 and 2. This is characteristic of drainage, i.e., the invasion of highly percolating pore network by a non-wetting fluid [19, 20] . On a more macroscopic level, however, the microstructures were relatively uniform, typical microstructures in Figs 1 and 2 being replicated throughout the specimens. The use of densitometry for measurement of the drainage curves is thus legitimate.
A quantitative description of drainage is provided by the Brooks and Corey semi-empirical model [21] , previously found to agree with drainage data for the infiltration of alumina short fiber performs by aluminum [13] . According to this model, during infiltration the effective saturation, S eff , can be described as a function of the pressure difference between the infiltrating fluid and the surrounding atmosphere, P, by means of a simple two-parameter equation:
where the effective saturation S eff is defined as the ratio between the volume fraction occupied by the wetting fluid (the atmosphere in the present case: V P = 1 − V m where V m is the volume fraction metal), and the total initial interconnected pore volume fraction (1−V r ) where V r is the reinforcement volume fraction. This definition is used here because full infiltration is indeed achieved at high pressures, Figs 1c and 2c; hence the "residual saturation" of wetting fluid is nil in the present systems [11] . In this expression, two characteristic parameters describe the porous medium/infiltrant system at hand: (i) the "pore size distribution index", λ, and (ii) the "bubbling pressure," P b . The pore size distribution index λ is related to the microscopic geometry of the porous medium; it is small for media having a wide range of pore sizes and large for media with a relatively uniform pore size. As worded by Brooks and Corey, the bubbling pressure P b represents the smallest capillary pressure at which a continuous non-wetting phase exists in the pores of the porous medium (as indeed suggested by Equation 3) [21] . If Equation 3 holds, then plotting log(S eff ) versus log(P) should yield straight lines of slope (−λ). Such plots are shown in Fig. 4 : as seen, after a small nonlinear portion at low pressure the mercury porosimetry data become roughly linear over the majority of their range. Straight lines are also compatible with the (more scarce and scattered) copper data. The measured slope (−λ) of these lines is the same for each of the two particle types, independently of the nature of the infiltrant or the powder packing volume fraction V r . Furthermore, (−λ) is higher for the polygonal particles, as expected given their more regular shape and narrower size distribution compared with the angular particles (see Figs 1 and 2) . The nature and shape of the solid particles making the preform thus do indeed appear to be embodied in this single scalar, λ, consistent with the model. In the Brooks-Corey correlation, then, the "bubbling pressure" P b reflects alone the influence of V r and of intrinsic capillary parameters (or in other words of the infiltrant nature plus infiltration conditions such as temperature and atmosphere).
More generally, if the shape of drainage curves is determined by the shape of particles making the preform while a single scaling factor for pressure P b accounts for the influence of capillary parameters and V r , then it is to be expected that, for a given shape of particles in the preform, the capillary pressure P at given saturation be proportional to the capillary pressure drop P γ defined in Equation (2) . Constant and predictable horizontal shifts of the curves in Fig. 4 will then result from fixed changes in any of (i) the work of immersion σ lv cos(θ ), (ii) the particle volume fraction V r and/or (iii) the particle size (contained in A v , which for a given particle type and surface roughness ratio is proportional to the inverse of the particle diameter).
With angular particles, it is indeed seen that, as V r is increased from 0.46 to 0.54, the corresponding lines in 
For a given preform type and volume fraction, changing the infiltrating liquid from mercury to copper should produce a shift in drainage curves by multiplication of pressures with a scaling factor ϕ: Fig. 4 this corresponds to a constant horizontal translation of the two sets of three curves, as is indeed observed: the Cu/alumina and the Hg/alumina data are shifted by the same Log(P) value of 0.415 for all three preforms, corresponding to a scaling of the pressure by a factor of 2.6 from mercury porosimetry to copper infiltration. This is also well illustrated directly on the drainage curves, Fig. 3b , where the data points are for Cu while the lines traced through the data are in fact the measured mercury porosimetry curves after multiplication of P by ϕ = 2.6.
Values in the literature for the four capillary parameteres in Equation (6) are listed in Table I (values of contact angles of copper in Table I are for very low oxygen partial pressure, <10 −10 atmospheres). If we take the surface energy and contact angle of mercury on alumina to be 486 mJ/m 2 and 141
• respectively, considering the range of variation in measured contact angle for copper on alumina, ϕ is predicted to be in the range of 2.2-2.9. This is in good agreement with the measured value of ϕ = 2.6. Taking 1333 mJ/m 2 for the surface energy of copper at 1200
• , an apparent contact angle of 137
• for copper on alumina particles can be deduced on the basis of the present experimental data.
Conclusions
1. The Brooks and Corey semi-empirical model agrees with drainage curves relevant to the infiltration by molten copper or mercury of packed alumina powder preforms.
2. The influence of capillary parameters (wetting angle and fluid surface tension) and of the particle volume fraction seem to be embedded in a scaling factor for pressure P. Elementary reasoning together with the data indicate that this scaling factor is proportional to the minimum capillary pressure drop in slug-flow infiltration, P γ of Equation 2.
3. Using usual values for relevant capillary parameters, an effective contact angle of 137
• for copper on alumina particles during infiltration at 1200
• C in an essentially oxygen-free atmosphere is deduced.
